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. n.n.r. spootra of the individual constituent amino acids. i?he author

Introduction

- In 1957, Saunders, Wishnia and Kirkwood (1) observed the first proton

magnotic spectrum-of a prétein, pancreatic ribonuclease, in D,0. Their

spoctrum, obtained at a frequency of 4LOMc, consisted of four broad peaks T .

and vas intorpreted by Jardetsky and Jardetsky (2) on the basis of the

has examined the proton spectra of ribonuclease, oxidized ribonuclease, - -

" lysozyme (3) and cytochrome o at the higher resolution and sensitivity
‘afforded by a 100 Mo apparatus. Since the n.m.r. spsctira of many of

" the 20 common L-amino acids dissolved in H20 had heretofore not been

observed bocause of sensitivity limiYtations (4), it was decided to ob~

tain the speotra of all 20 amino acids referred to a common standard,

--wWhich had been used in the protein speotra; .

A number of'dinptidéa (5) and tripeptides were investigated to explore . -
the offect of the peptide bond on the chemical shifts* of the amino ascid. -

protons,

terials and Methods

. A1l spootra were obtained on a Varian Associates H100 spectrometer operat= -
| ing at a fixed frequency of 100 lfe, For calibration purposes the spectra :;f
woro also run on a HAGO spectromuter with its calibrated magnetio field

" éwoep.. Bécausé of the low solubility of tyrosine, a ccmputer of avaraga'i' '

transients (CAT) was used in oonjunction with the A60 spectrometer to 1.1_.4*-».
obtain its spéatrum. Sodium 2,2-dimethyl-2 sila pentane=5 sulfonate '
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| (DSS) was used as an internal reference standard 'i‘or all chemical shift

measurements. DSS is always on the high field side of the apecirum.

" The amino acids and peptides used vere of the higheat quali‘t..y manufécturea "
by Mann Roaoarci.m Laboi'atories. The proteins, ribonuclesse, lysozyme and .
cytoo_hroma G were éupplied by Sigma Chemical Company land the oxidized

" ribonuclease Was from Mann Research Laboratories. Solutions were pro=
pared in D0 obtained from Bio-Rad Labs. All solutions were evaporated
soveral times to reduce the Héo content to a minimum. The protein con=

. : contration was about 5% in0.5 ml of D2Q. ‘Unless otherwise stated, the .

.. proton magnetic resonanoé bsp'eof.ra vere observed at‘ a tempeiat@re of 301:'3"0.‘ .

L A

Rosults and Discussion

Most of the amino aoid spectra §an be understood on the basis of first -
ordor effects, as the chemical shift is generally much larger than the
spin~-spin couplings. To illustrate this effect we show in Figure la
N the spectrum of an aqueous solution of alanine in D,0. The CH resonance
.ia split into a quartet by ths magnetic field of the CH; protons, which .
" can assume disorete values proportional to the allowable values of angular . ‘
’momentmn, I « 3/2, 1/2, =1/2, =3/2, of the CHB group. The CHjy T05004N00 SR
is split into a doublet by the GH proton whose angula.r momentur in the )
prasence cf an oxtornal field can only take on the valuestl/2 (in units
of R ). Tho chemical shift between these groups 13 xnuch larger than !

" the splitting cauaed by spin-spin interactions.
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In those amino a.oids_\éhere the chemical shift fi.s not large compared to the



spin-spin couplings, & very cauylex pattern of resonance lines is ob-
served, as shown in Figure 1b f>r serine. The presenca of the oxygen

atom decreases the ahieldiné of the noighboring CHy and therefora its

rosonance moves down field whera it overlaps with the resonance of the 'J'j-ﬂ;7:”=

'.CH proton. In this situation the chemical shift and apin~apin inter—

action are oomparablg. Between thess extreme cases thero are wmany amino

aclds, part of whose spoctrum is first order and part seoond order. Inff;‘.'

Figure lo we see the spsctrum of glutamine where the CH resonance is
first order, i.e., split into a triplet by the neighboring CH, group.
Although the two CH2 groups are separable, their resonance patterns are

quite complicated because their chemical shift differenoo is not large

' : ocmpared to the spin-spin ocouplings.

As higher magnetic fields become available, these patterns will simplify

as the chemical shift is proportional to the field strength but the spin- .

spin ooupling remains constant. A comparison of the glutamine speotrum " |
'in Figure lo taken at 100 Mo with ome taken at 60 Mo (figure 2) shows .

very nicely the advantages of higher magnetic field operﬁtion.

" ". " In all cases, there 16 a rapld exchange of the hydrogens attached to
. nitrogen; thus all the peaks seen in D20 can be attiributed to hydrogens -
i

bonded to 6arbon atoms. ' Previous work on proton speotra of amino acids

(4) indioates that these chemical shifts are independeat of pH in the

range pi2 to pHY and independenx of conoentration.;

Tho chemical shift of the center of the pattern for each chenical group:_',g SR

......

. - ‘.-. }“:_'o_.

15 givon in Table 1, '
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.+ 2. From data on the oligopeptides of glycine it appears that the chemical

Vet
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The data on the chemical shifts of the amino acid groups im peptides are .

'~ prosented in Table IXI. Although this list includes only a few of the .

‘total number of possible dipeptides and tripeptides, same gemeral con= .
clusions about the effests of the poptide bond on the chemioal shift . :
of amino acid ‘protons are given below.' In the following discussion, S

by Mohemlcal shift" we mean the change in chemical shift from that of o

E tho froo amino acid.

1. ~carbon protons, which include the CH, group in glyoine, undergo
tho largest chemical shifts. In the dipeptides observed this varied

fronl.15 p.p.n. for thed{-proton of histidine in the dipept.ide L-histi-

dylglycine to(.48 p.p.m. for the & -proton of leuoine in the .dipeptide —'

loucsyl=L=glycine, "

shift of the | =-protons is effected mainly by nearest and next nearest

noighbors for short chains.

3. In tripeptides the chemical shifts for the oﬁ-protons'bf the middle
amino acid are roughly additive. In glyéyl-L-leuoine the chemical shift AR

‘ ‘for theol-proton of leucine is .1.8 p.p.n. and in L-leuoylglycine it

is -.30 p.p.B.. In the tripeptide glyoyl-L-leusylglyocine, where leucine

" is .’mvolved in two peptide bonds, the ohemical shift for its ol -proton '

is -.70 p p.m.. " In the tripepti&e L-leucylglycylglyoine we find that

. tho two glycine CH2 groups have chemical shifts of =.21 and =.46 p.p.m..

Since tho chemical shift of the CHj, group of glycine in L-leucylglycine
C
is = 24 P.p.m. and in glyoylglycine is -.27 and =.31 p.p.xn. we would, on
the basia of..this additivity rule, aasign the ohamioal shift ot .46 P-PeRe

.

N .



~ to the %lycine bonded to leucine. Other evidence for this assignment -

| based on steric hindrance to free rotation will be given later. '

_ 4+ In the tripeptides examined the resorance of the QL-proton of the

" N-terminal amino acid shifts to slightly lower fields (more negative chemioal

snift) and the C-terminal of =proton shifts to slightly higher fields com-

parcd to the corresponding dipeptides. For example,. in L-leucylglycine we

find the A -proton of leucine shifted <230 p.p.m. and in L-leucylglycylglycine |

"'+ the shift is < 33p.p.m.. : )

5. Methylense group shifts seem to be quite variable. For leucine in both
* . dipoptides and tripeptides the shift is small, of the order of 3.1 PePellee -

* In histidine and proline dipeptides the shift in the methylene resonance

fangea fron+G.21 to 30 p.pem. respectively, For a given amino acid in a ®

. dipeptide the shift is more negative when it is the C~terminal end. ‘
. 6. Methyl groups are the most shielded (occur at highest fields) in the amino.

“acids and seam to- be least effected by the peptide bond vi.th shifts of the o

order of 0.0 Depelee

7. Imidazole protons can undergo tizable shifts both up and down field.

In addition to the chemical shift effects there are some interesting steric

conformational changes which are illustrated in Figure 3. In the L-leucylglycine o

iﬁ:ectrum (F;éure 3a) ;‘the leucine is essentially gnchénged from its smino aoic_i

i

spectrun except for the chemical shift, but the free rotation of the CH, protons

of glycixoe is hindered, ma}dng the two protons' non-equivalent and each one

has its own chemical shift. In the spectrum of glycyl-L-leuoine (Figure 3b)

the glycine resonance is unchanged except for the ahift, but the free rotation o




of the CH, and CH, groups of leucine becomes hindered.dn Figure 3¢ we
see the spectrum of L-leucylglycylglycine where ths low field glycine -
.Chy rosonance 1s split because of the non-equivalence of its tuo.protons. o

" Wo assiga-this glycine to the mid-position of the tripeptide. -

. In Figure 4 we see the proton spectra of fibonuolease; oxidized ribonuclease,
lysozyme and cytochrome o (horse hesrt). Allowing for the chemical shift
due to peptids bond formation, the spectra of these proteins can be

correlated with the chemical shifts of their constituent amino acids.

' ”, This correlation for ribonuclease is presented in Table III.- Using the

deta in Tables I and II, this correlation cen be made for the other proteins;
‘A correlation of.thie kind reeuires a knowledge of the amino acid composition .
‘;’and some rough ideas of the effects of peptide bonde.; As the resolution _—
of ‘our spectra increases, it will require even more detailed knowledge of

" the amino acid sequences and of ‘the effects of peptide bOnds and protein ST

' conformation on chemical shifts.

'fNThe real usefulﬂess of high resclution n.m.r., however, lies in the fact 4

~,
.

"’ that bocause of the.chemical shift specific amino acids can be identified

and isolated in the protein spectra. In ribonuclease, peak II arises solely s
"~ from one;ef the imidazole protons of histidine. Histidine resi@ues are |

 ‘ thought éo be involved in the active site. This provides us eith a window

%o observe the active site under various conditions. Peak III is due mainfef-é K

| ly to the aromatic rings.of tyrosine (24 protons) -and phenylalanine (lslzjf:”

~ protons) and an imidazole proton of histidine (L'proﬁons). ~The effect ~‘;i7;'v.
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of temperature denaturation. of this peak will be @iscussed in a forthcoming -

publication. In comparing the spectra of ribonuclease and oxidized ribonuclease, :f['
we see that the speotral lines in the latter are much narrower. The disulfide ‘ :
" bridges of ribbnucleasc play a key role in maintaining'structure; their cleavage'ilrn -
by oxidation (7) results in c loosening of-the structure and allows for inc;eased.;“
motion of the side«chéina of ‘the unfolded protein. It is well known in n.m.évf;

theory (8) that motion (rotation and translation) reduces the uidth of a reso- ‘fil'
‘nance line. It is this "motional narrouing" which “is the basis for high 8 60= ;

* lution nem.r. spectroscopy. ‘ ' o f :

. In lysozyme, the aromatic protons sgain are well isolsted from the rest of the :
spoctrum as shown in pesk I (Figure 4c). Peak Ia is due to 24 tryptophan
" protons;.peak 1b arises from 18 tryptophan protons end 15 phenylalenine protons J‘_':;f;

and poak le fram 12 tyrosine protons. o R - o o

.Summagx
Proton maénetic resgonance spectra of 20 common amino acids and some répresen—
" tative di-and tripeptides are ‘presented. Some general conclusions about f}';~ ﬂ.
'l'the effect of peptide bonds on chemical shifts are given. The spectra of ' .
1bonuclease, oxid;zed ribonuclease, lysozyme and cytochrome ¢ are shown

" and, the s;gn;ficance of their high reso]utlon n.m.r. spectra ‘indicsted.
! . . .
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*Tha chenical shift in this paper is cefined

% 20% and s givon in parts per nillion. K
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1
Cantions '
. Flgure 1: Proton pagnetic resonance spscira of ‘an aqueous solution of : .
~ alanine, serinme ‘and glutanine in D,0 taken at 100 Mo in a :
magnetic field of 23,000 gauss. DSS is an 1ntern;l referonce : :f&A:f)'S“”rr
. " standard. o ' o '
Figure 2: Proton magnetic resonance spectra of an aqueous solution of
glutaming iq'DZO'taken at 60 Mc in a magnetic field of 13,900
gauss, | |
?igure 3: . Proton magneti; resoriance spectra of aqueous solutions of the
| dipeptides, L=leucylglycine and glycyl=L~leuoine and of tﬁe
tripeptide L-leucylglycylglycine in D,0 taken at 100 Mc. ii

"Figure 4: Proton magnetic resonance spectra of ribonuclease, oxidized

ribonuciease, lysozyme and cytochrome ¢ ?bserved at a ffequenoyliﬁi
of lOO‘Mo. The proigins (5% by weight) were dissolved in 5 ml
of Dp0 and vere ab a pH of 4.5, 3.4, 5.4, and 9.5 respectively.
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.Chemical shitts of amino acid protons in D20

(All shifts are negative, i.e., Yo lower magnetic field, with an accuracy of + .04 p.p.m.)

Amino ac¢id CH

Other

15.

Glycine |

Alanine 3.78

valine : . X 3.62..

Leucine ok 3.70

lsoleucine . A 3.66 .

Serine T . 3.94 h

Threonine . of '3.58

Tyrosine : n.0.. -,

Phenylalenine -~ . 3.97

Tryptophan : . 4.04

Aspartic acid ' . 4.08

Glutemic acid 575 -

o -
Asparagine i 'j/ 4.00 -

Glutamino f ' . / " 3.77

o

Lysine . :.’ - / 3.37

Arginine

.

Histidine .- 3,97

Cysteine .82 .

Methionine © o 3.80 .,

é

TLT 96

135 2 “ﬁ';;l.00 

- 3.9

63 L e .
.. .30l6 ‘

2060 C . 2,027

-

Aromatic ring’

. Aromatic ring

" Aromatic ring’

7.25.

. '6o 95. . 3
7.36 -

7.48
7.65 .
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o A 3.66 g '
. l . 97 " * l .35 . . 1 . Oo

wriae L 3% 5g0 o o

Threonine - . ‘
. c LRSS T s
o 4,23 . . . ;

Tyrosing C fheo. | L e PR
: ' ' L Ae0e .. .o Aromatic ring 6.95
Phenylalanine - 3.97 - .- 3,20 ' e o Aromati ; A
_ , . . . : . Aromatic ring 7.36 - .., '
iryptophan o+ L ol T
yptophan ' ; 4.0&. 757' . 3.38 . o 'ﬁ;‘"'f'APomaf:c Fing 225 . -
' e ' ’ 7.48 -
‘ -.' , . : 70 6
Aspartic acid 4,08 3.0l '."*5'

Glutemic acid . - 3.75; g: 2,49 e RS - ' o : -

Asparagine 4,00 0 2.90 . s o Lo e
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Lysine . . o :.3.37 f;; 2,95

.  \ . . : . 1.65 . . .
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Argintae L 3 g T g et
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‘ Tesle il
) . Chemical shifts of amino ac.i. protons inlpep?ides with respect to The
corresponding chemical group in the free amino acid
Peptide Amino Acid Chemical Group Other -
‘ CH CHy . CH5
Glycyl-L~loucine . " Glycing - "+ - T =27 v e B
’ Leucine K-.48 e l' +004 "-v '.‘
o - - -l '
L-Leucylglycine ‘Leucine . 2—.30 «.02: 7 0,00
_’ B-ooz .
Glycine K-, 24
Glyeyl=L=proline " Glycine CA~.39 v :
Pro‘ ine -021 -030. . .
. ' Oooo '.'.' i .
L=Prolylglycine hydrate . Proline -.33 -.08. . ‘
. o : , -05 . !
. Glycine a(-.24'.'_.',‘ e . '
L-Histidylglycine Histidine -. 15 -.04 ' ~ Imidazole BN
) Glycine A=,22 - . .
Histidylhistidine Histidine -.45 +. 14 Imidazoie +.20
o . +.13
. "005 : +.2l . -'Ol .
L-Leucyi-L-phenylalanine Leucine R - n.o. « . -+.05 N 5.16
T © " Phenylalanine 'n.0.  n.o.. " .Aromatic ring = +.06
Glycylglycine Glycine : -.27 . . .
. ’ " -051 '
Glyeylglyeylglycine Glycine -.22 .
-. 34 N
: -.49 . ,
L-Leucylglycylglycine - © Leucine K=.33 . =.03. . '0.00
= p--03 S
; " Glycine » -.21 _
, N , -.46
Glycyl-l-loucylglycine -~ Glycine. -.20 ‘ <
~ : / _ , o3
f Leucine =070, +.07 © I +.04
" Tetraglycine = / Glycine ; -2
| -'i. ” v ;:; -.42 ;
l’ -049 . . "
n.o. = pot obsarvad f " O '
‘ I o
"..Q‘ 3\: ] ".' .
: Ll




Table 111

17

Correlafioh of Ribonuclease Spectrum with Amino Acid Protons

Pecak = Chemica! Shift : Amino -Acid Protons in Peak : ,
(p.p.m.) ‘ !
3 .=8.85 - ‘' 'Protons a¥tached to nitrogen which‘didfnoﬁ-exchange *
H- - -7.8 ;'-. Imidazole proton of histidine X
\ 3
oy Lo .
- ~-7.320 ~ Aromatic rings of iyrosine and phenytalanlne and an. cmtdazote~
b -7.CO pro?on of has?udane : .
c -5.78
d =6.45 K
v U : _
‘a -5.42) . «-protons of all 124 amino acids, one CHz of serine and proline -
. b -4.82( and the ﬁ-profon of threonine : :
C 3 _404 S L
d -4.05) .
% ~-3.0 A CHZ’group of phenylalaniné, aspartic acid,Aglufamic acid, Iysine,-;
‘ asparagine, glutemine, arginine, cysteine and methionine
Vi . .
a -2.25 " . " CHp of glutamic acid, glutamine, methionine, CH of valine;CH3 of
. ’ methionine _ N g
b -2.05 2 CH, groups of proline, CH of. isoleucine '
e -1.67 2 CHy groups of arginine, CH and CHy of leucine
d -1.49 /. CHz of alanine, CHy of threonine
-o.;” A -1.06 / e 2 CH3 groups of valine -
' - .87 j 2 CHy groups of leuc:ne, 2 CH3 groups of isoleucane L
’ . l., . . . N B ;

Sce raeference 6 . -
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Poa

. L-Leucylglycine

:

|

. HDO

|

&

§

i

i

,l

3 |

CH
i

Leucine
AV
CH

|
CH,

NH,CHCOOH

L

I

|

Criz (gly)

CH

L

|4
<

CHjs

3.77. p.pm.

b Glycyl-jL- Leucine

Glycine
Y H

l .
NH, CHCOOH

_CH2 (9‘)’) s
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